Perfect magnetic conductors (PMCs) can help in the enhancement of antenna impedance bandwidth using their capability of reflecting the incident waves without phase reversal. The purpose of this paper is to show the advantages of using a perfect magnetic conductor in antenna engineering. The goal is to use it in waveguide-fed slot array antennas, increasing both the antenna impedance and radiation bandwidths. To this aim, a PMC-based rectangular waveguide composed of longitudinal slots is convenient. The impedance of the proposed array structure is calculated analytically. To compare analytical results with the simulation results, PEC-and PMC-based waveguide-fed slot arrays are designed and simulated in a certain frequency band. The simulation results are in good agreement with the theoretical predictions.
Introduction
Waveguide-fed slot arrays have been widely used in many spacecraft and radar applications due to the advantages of high efficiency, low weight, low profile, ease of manufacture, and rigid structure [1] [2] [3] . One of the main drawbacks of a waveguide-fed slot array is its narrow bandwidth, which is mainly caused by the use of resonant elements and the standing wave-type design.
Introducing metamaterials based on theory of negative index materials opened the way for many researcher groups all over the world to improve the operational performances of the electromagnetic-based devices [4] [5] [6] [7] . One of the first works was done by Veselago in 1968 [4] . Recently, a typical procedure has been established for the design of bulk artificial media with negative macroscopic parameters. In recent years, several researcher groups have focused on metamaterial realization of the artificial magnetic conductors (AMCs) [8] [9] [10] [11] . It was demonstrated in [12, 13] that artificial magnetic conductor can be realized using a volumetric metamaterial constructed from a periodic arrangement of the capacitively loaded loop (CLL) elements. Hence, it provides a very large number of applications in antenna engineering. Although a perfect magnetic conductor (PMC) does not exist in nature, the possibility to create artificial magnetic conductor (AMC) using engineered structures is promising [14] .
In this paper, a novel application of perfect magnetic conductor is presented. A PMC-based waveguide-fed slot array, which provides broad bandwidth as well as endfire radiation, has been investigated both analytically and numerically. Consequently, typical PEC-and PMC-based waveguide-fed slot arrays have been designed and simulated. Results show that the agreement between the numerical simulations and theoretical predictions is reasonably good.
Design of PMC-Based Waveguide-Fed Slot Array
The simulated model of a PMC-based waveguide-fed slot array designed to work at f = 2.5 GHz is shown in Figure 1 . The feed port is located at input of the air-filled waveguide of rectangular cross-section while the end is shorted. According to the theory presented in [15] [16] [17] , the radiation characteristics of a slot on infinite PMC plate arederived 2 ISRN Communications and Networking as H r θ, φ ≈ 0,
where
where w and L are the width and length of the slot, respectively. The waveguide dimensions are a = 8.636 cm and b = 4.318 cm (WR340). The distance between the last slot and the end of the waveguide is 9.906 cm while the distance between the first slot and the waveguide port is about 15 cm. It is worthwhile to point out that our approach is mainly based on theory presented in [17] . One can now calculate the antenna radiation conductance as follows:
Using Duality theorem, one can readily deduce that Insertion of (5) in (4) gives
Expanding the following terms using Taylor expansion gives
Finally, some mathematical manipulations and singularity cancelations give
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For the PMC-based waveguide-fed slot array of Figure 1 , the antenna radiation power can be also written as [17] P rad = ωε 0 abβ 10 2(π/a) 2 B 10 (A 10 + B 10 ),
where A 10 is the amplitude of TE 10 mode launched by the generator and B 10 is the amplitude of TE 10 mode scattered off the slot. Then, using the same procedure presented in [17] , the normalized slot resistance can be written in the form
where R 10 is the characteristic resistance of the feeding waveguide and l = L/2. For the example discussed here, x = a/2 − x 1 , kl = π/2. So that (11) then becomes
Hence,
whereas the normalized slot conductance associated with PEC-based waveguide-fed slot array is given by [17] g PEC = 2.09K f .
As a result, the variation in the normalized slot resistance as a function of frequency for the PMC-based waveguide-fed slot array becomes smaller than that for the PEC case. Thus, one expects that PMC-based waveguide-fed slot array has wider bandwidth compared to the PEC-based waveguide-fed slot array. Comparing (13) to (15) , one can conclude that the variation of the radiation conductance for PEC-based rectangular-fed slot array is about 14 times greater compared to the radiation resistance of the PMC case (at around f = 2.5 GHz). In other words, the PMC-based rectangularfed slot array bandwidth can be determined by multiplying PEC-based rectangular-fed slot array bandwidth by 14. In addition, the main lobe of the PEC-based waveguide-fed slot array is in the broadside direction. In contrast, the main lobe of the PMC-based waveguide-fed slot array is in the end-fire direction. 
Simulation Results
To verify the proposed antenna concept, PMC-and PECbased waveguide-fed slot arrays were designed and simulated. The simulated return loss of both antennas is plotted in Figure 2 . As revealed in the figure, bandwidth of the PEC-based waveguide-fed slot array is approximately 4.8% (0.12 GHz). In contrast to ordinary waveguide, the bandwidth of the PMC-based waveguide-fed slot array is approximately 110% (4.4 GHz, ranging from 1.8 GHz to 6.2 GHz). It can be concluded from the simulation results that the bandwidth of the PMC-based rectangular-fed slot array is about 4.4/0.12 ≈ 36.7 times greater compared to that of the PEC-based rectangular-fed slot array. Although disagreement between the numerical and theoretical results is observed, more careful investigations clarify that. The reason is that for wideband operation, both the return loss and radiation pattern requirements should be satisfied in the entire frequency band.
In other words, the operational frequency band is the common portion of the impedance and radiation bandwidth. Therefore, radiation patterns of the PMCbased waveguide-fed slot array should be extracted and compared with those of the PEC-based waveguide-fed slot array over the entire frequency band. Figure 3 shows the radiation pattern of the PEC-based waveguide-fed slot array at 2.5 GHz. As revealed in the figure, the array has a fan beam and the main lobe direction is perpendicular to the array plane. Figure 4 shows the radiation patterns of the PMC-based waveguide-fed slot array at six different frequencies. As can be seen, the maximum directivity occurs at θ = 90 • whereas the radiation bandwidth is around 61% (ranging from 1.95 GHz to 3.65 GHz). At frequencies beyond 3.6 GHz, antenna radiation pattern has been distorted. The likely cause is that the higher-order modes start to appear at frequency higher than 3.6 GHz (see Figure 2 ). The presence of the undesired modes causes not only higher losses but also radiation pattern distortion. In other words, one can observe significant null in the antenna main lobe at frequencies beyond 3.65 GHz, as shown in Figure 4 . And consequently, numerical investigation reveals that the bandwidth of the PMC-based rectangular-fed slot array is about 14.16 times greater compared to that of the PEC-based rectangular-fed slot array, which is in good agreement with the theoretical predictions. The 3D radiation patterns of the PEC-and PMC-based waveguide-fed slot arrays are compared in Figure 5 . As can be seen, the gain of the PMC-based slot array is approximately half of that of the PEC case, which is the main disadvantage associated with this antenna. In addition the slot array does not have a fan beam any more. Finally, it should be pointed out that the gain of the slot array decreases with frequency which is partly due to the resonant nature of the array elements and partly due to the variations of the element separation with frequency. In other words, Very high radiation and impedance bandwidths can be achieved by an end fire radiation pattern with low minor lobes at the expense of a decrease of about 7 dB in gain.
Conclusion
A new PMC-based rectangular waveguide-fed slot array has been investigated which provides UWB radiation bandwidth as well as end-fire radiation. Radiation conductance of the proposed array has been calculated analytically. PEC-and PMC-based waveguide-fed slot arrays have been designed and simulated to validate and confirm the theoretical predictions. The simulated results are in good agreement with the theoretical calculations.
